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Introduction
Frontotemporal lobar degeneration (FTLD) is a progressive clinical syndrome with several possible etiologies and with heterogeneous clinical features, including behavioral and language disorders, executive dysfunction, and impaired social cognition, while patients can also develop features of motor neuron disease, progressive supranuclear palsy or corticobasal syndrome [1] . About 30%-50% FTLD patients have an autosomal dominant pattern of inheritance [2] , with many showing mutations in the microtubule-associated protein tau (MAPT) gene [3] . Mutations in the MAPT gene result in filamentous accumulation of hyperphosphorylated tau in neurons and glia leading to neurodegeneration, atrophy, white matter microstructure alterations, and metabolic changes years before the onset of clinical symptoms [3] [4] [5] [6] [7] . Families characterized by the presence of MAPT mutations can be investigated for early neurodegenerative changes and identifying biomarkers for tracking disease progression during potential disease-modifying therapies.
Structural magnetic resonance imaging (MRI) has captured disease-specific neurodegeneration in patients with mild cognitive impairment (MCI) [8, 9] , Alzheimer's disease [10, 11] , Lewy body dementia [12] , and in familial and sporadic FTLD [5, [13] [14] [15] [16] . Some cross-sectional studies have suggested that cortical degeneration can be detected with MRI years before symptom onset in asymptomatic MAPT mutation carriers [5, 14, [17] [18] [19] , but others have not shown any significant cortical volumetric differences between MAPT mutation carriers and controls [7, 20] .
Recently, two longitudinal studies from a cohort of asymptomatic MAPT mutation carriers have found atrophy in the hippocampus but no cortical atrophy was reported in longitudinal analysis during up to 4 years of follow-up [21, 22] . Up to date, little is known about the trajectory of progression of atrophy on longitudinal MRI in asymptomatic MAPT mutation carriers.
In this study, we investigated the rates and trajectories of lobar atrophy on longitudinal MRI from asymptomatic stage to symptomatic stage in MAPT mutation carriers.
Methods

Participants
Participants in this study were enrolled in the Mayo Clinic Alzheimer's Disease Research Center and the Longitudinal Evaluation of Familial Frontotemporal Dementia Subjects (LEFFTDS) studies at the Mayo Clinic site. LEFFTDS is a multisite study investigating the biomarkers of disease progression in familial FTLD mutation carriers. The present study included participants who screened positive for a mutation in MAPT and had been followed up between August 2006 and November 2018 at Mayo Clinic. Participants with MAPT mutations who had no clinical symptoms at baseline and underwent at least two follow-up evaluations were included (n 5 14). Noncarriers from healthy first-degree relatives of the patients were included as the control group after DNA screening (n 5 13). All participants were followed up prospectively with annual clinical examination at the time of MR examination, including a medical history review, mental status examination, a neurological examination by a clinician with FTLD expertise, and a neuropsychological examination. Participants were followed for a median of 9.2 years (range 2.0 to 11.7 years) and had at least 3 MRI scans, with a total of 166 MRI examinations. Of the 14 MAPT mutation carriers, 4 of them, all from a pallido-ponto-nigral degeneration (PPND) family with N279 K mutation [23] , transitioned from asymptomatic stage to symptomatic stage during follow-up, which we refer to as converters. All converters were classified as MCI at the time of conversion, with two later developing features of mixed behavioral variant frontotemporal dementia and progressive supranuclear palsy (Richardson's syndrome), one developing behavioral variant frontotemporal dementia with parkinsonism and the other remaining MCI. The median age of symptom onset was 43.5 years with a range of 37-47 years, and the median follow-up interval was 9.7 years (range 8.7-11.7 years) for these four converters (typical for this PPND family). The remaining 10 MAPT mutation carriers (from 5 families) had no cognitive/ behavioral/motor changes, which was corroborated by their informants and had an MMSE score of 30 throughout the median follow-up interval of 8.5 years (range 2.0-10.7 years), which we refer to as asymptomatic MAPT mutation carriers. The noncarriers did not differ from the asymptomatic MAPT mutation carriers and the converters on MMSE and DRS at baseline. The behavioral neurologist (B.F.B) who examined all the participants was blinded to the mutation status of all asymptomatic individuals regardless of mutation carrier status. None of the participants had structural lesions that could cause cognitive impairment or dementia, such as cortical infarction, subdural hematoma, or tumor, or had concurrent illness that would interfere with cognitive function other than FTLD on baseline and follow-up examinations.
All converters described in this report have undergone clinical genetic testing and therefore they and their proxies, as well as the examining neurologist, are aware of their mutation status. Most of the asymptomatic mutation carriers included in this report have not undergone clinical genetic testing and are therefore not aware of their mutation status. Details regarding each person have intentionally been excluded to maintain confidentiality.
Informed consent was obtained from all participants for participation in the studies, and after the three converters developed dementia, written assent was also obtained by their proxies. All procedures were approved by the Mayo Institutional Review Board.
MRI acquisition and process
All participants had volumetric MRI performed annually at 3T using an 8-channel phased array head coil (GE Healthcare, Milwaukee, WI) with a standard protocol.
A 3D high-resolution T1-weighted magnetization-prepared rapid acquisition gradient echo (MPRAGE) was performed at each time point using following parameters: repetition time/echo time/inversion time 5 2300/3/900 ms, flip angle 8 , in-plane resolution of 1.0 mm.
Region-level analysis
Baseline and annual changes in cortical volume were estimated for each participant. For the region-level analysis, we applied a fully automated in-house developed imageprocessing pipeline, using tensor-based morphometry with symmetric normalization (TBM-SyN) to compute the baseline lobar cortical volumes and changes over time in each participant [24] . For each participant, all their T1 structural MRI scans were iteratively coregistered to a mean image using a 6 degrees-of-freedom (6-DOF), followed by 9-DOF rigid body registration using SPM coregistration software [25] (www.fil.ion.ucl.ac.uk/spm). Then image intensity histograms across each participant's time series of images were normalized using an in-house developed differential bias correction algorithm [26] . The SyN diffeomorphic registration algorithm from ANTs software [26] was used to compute deformations between each pair of images, running the deformations explicitly in each direction, producing the Jacobian determinant images, and the "annualized" log of the Jacobian determinant from the deformation in each direction, to be parcellated into lobar regions of interest later. The voxel values of the Jacobian determinant image represent the expansion or contraction of each voxel over time, and those of the annualized log Jacobian determinant image can be thought of as analogous to an annualized percent change at each voxel. The SyN deformations were applied in each direction, respectively to the original bias corrected late and early images, to get the early image warped to the late, and the late image warped to the early image, and average them with their respective originals, resulting in a "synthetic late image" and a "synthetic early image." We then segmented the synthetic early and late images into gray matter, white matter, and cerebrospinal fluid classes using SPM with our in-house developed template [27] . The discrete cosine deformations from the unified segmentation step were used to transform the in-house modified AAL atlas that included the frontal, temporal, parietal, and occipital region of interest labels from template space to the synthetic early and late image spaces, respectively [28] .
Voxel-level analysis
To assess the rates of atrophy at the voxel level, we used only the first and last images for each participant and ran the TBM-SyN steps as detailed previously to produce an image of the annualized log of the Jacobian determinant over the largest possible time interval for each participant. These images were smoothed with a 6 mm full-width at half maximum Gaussian smoothing kernel.
Genetic analysis
Participants recruited into this study are part of known MAPT families. For each of the participants, we specifically sequence the exon harboring the known MAPT mutation observed in that family using previously published protocol [29] . Sequencing is also performed to detect variants in the following genes GRN, C9ORF72, TARDBP, PSEN1, PSEN2, and APP according to the LEFFTDS protocol. PCR amplicons were purified using the Multiscreen system (Millipore, Billerica, MA) and then sequenced in both directions using Big Dye chemistry following the manufacturer's protocol (Applied Biosystems, Foster City, CA). Sequence products were purified using the Montage system (Millipore) before being run on an Applied Biosystem 3730 DNA Analyzer. Sequence data were analyzed using either SeqScape (Applied Biosystem) or Sequencher software (Gene Codes, Ann Arbor, MI).
Statistical analysis
Baseline characteristics of converters with MAPT mutations were described with means, standard deviations, counts, and proportions. Baseline characteristics were compared among converters, asymptomatic MAPT mutation carriers and noncarriers using generalized linear mixed models (categorical variables), or linear mixed models (continuous variables), adjusting for age where appropriate and accounting for the family structure using random effects. Tukey contrasts were subsequently used for pairwise comparisons.
Assessments of voxel-level results were corrected for multiple comparisons by requiring the corrected false discovery rate (FDR) to be , 0.05 and the uncorrected P , .001.
We modeled the log of lobar cortical volumes to estimate rate of volume loss expressed as percentage per year using linear mixed-effect models with random intercepts to account for within-subject repeated-measures correlations nested in within-family correlations. This allowed for dependence in the repeated measures per subject and also dependence in family members. Families were assumed to be independent from each other. Because of the sample size restrictions, we were only able to use random intercepts in these models. Inclusion of random slopes and flex points would result in gross overfitting of the models and nonconvergence. We coded group (noncarriers, asymptomatic, or converter) using dummy variables with noncarrier as the reference and included two-way interactions for group ! age at MRI scan. Because we were interested in specific individual lobar cortical volume change hypotheses and not a universal null hypothesis and did not want to inflate the probability of a type II error, we did not adjust for multiple comparisons in these analyses.
Results
The baseline characteristics of the converters, asymptomatic MAPT mutation carriers, and noncarriers are shown in Table 1 . There were no differences between the 3 groups at baseline based on sex, education, age at initial MRI scan, and cognitive scores. The converters had more MRI scans compared to asymptomatic MAPT mutation carriers (P , .001) and noncarriers (P , .001), but there were no differences in follow-up time range among the 3 groups. At baseline, temporal and frontal lobe volumes were lower in converters compared to asymptomatic MAPT mutation carriers (P , .001) and noncarriers (P , .001). Similarly, parietal lobe volumes were also lower in converters compared to asymptomatic MAPT mutation carriers (P , .001) and noncarriers (P , .001). No significant difference in lobar volume was observed between asymptomatic MAPT mutation carriers and noncarriers at baseline. Fig. 1 shows the trajectories of change in lobar cortical volumes. The results of linear mixed-effects models are summarized in Table 2 . Group ! age at MRI scan interactions indicated that the converters had greater estimated annual rate of cortical atrophy in temporal (P , .001), frontal (P , .01), and parietal (P , .05) lobes compared to noncarriers. Similarly, the asymptomatic MAPT mutation carriers also had higher estimated annual rate of cortical atrophy in the temporal lobe than noncarriers (P , .01), but not in the frontal and parietal lobes. There was no difference in the estimated annual rate of occipital lobe cortical volume change among the 3 groups.
Voxel-based analysis showed that the annualized rate of atrophy was localized to the bilateral anterior and medial temporal lobe, inferior frontal lobe, limbic cortex, cingulate gyrus, precuneus, precentral gyrus, as well as the supplementary motor areas in all MAPT mutation carriers compared to noncarriers (corrected FDR ,0.05) (Fig. 2) . Because the MAPT mutation carriers also included four converters with N279 K mutation carriers from the same PPND family, we performed voxel-based analysis after removing the converters. Greater atrophy rates were found in the bilateral anterior and medial temporal lobe and orbitofrontal cortex in asymptomatic MAPT mutation carriers compared to noncarriers excluding the four converters (P ,.001, not corrected for multiple comparisons).
Discussion
In this longitudinal study using 166 serial MRI scans, we report regional rates of atrophy in MAPT mutation carriers from the asymptomatic stage, four of whom became symptomatic during follow-up. In converters who became symptomatic during follow-up, we found that cortical atrophy was already present at baseline in the temporal, frontal, and parietal lobes, although they were asymptomatic at that time. On the other hand, no differences in lobar volumes were observed in asymptomatic MAPT mutation carriers at baseline, who remained asymptomatic during follow-up compared to noncarriers. Our longitudinal data showed that the trajectories of lobar cortical atrophy were fastest in the temporal lobe, followed by frontal and parietal lobes in converters compared to noncarriers as they aged. The asymptomatic MAPT mutation carriers also showed a faster rate of temporal lobe cortical atrophy than noncarriers. Taken together, our cross-sectional and longitudinal findings demonstrated a sequential pattern of lobar atrophy in MAPT mutation carriers throughout the disease course, indicating that the temporal lobe cortical volume began declining during the asymptomatic stage, with an acceleration of the rates of atrophy during development of symptoms, followed by the involvement of the frontal and parietal lobes and sparing of the occipital lobe.
The temporal lobe cortical volumes declined in MAPT mutation carriers as early as the asymptomatic stage particularly in the bilateral medial temporal lobe on voxel-based analysis. This pattern is consistent with findings from previous crosssectional MRI studies that demonstrate most prominent atrophy in the anteromedial temporal lobe and orbitofrontal cortex in asymptomatic MAPT mutation carriers [5, 14, 17] ; however, others found no difference between asymptomatic MAPT mutation carriers and controls [7, 20] . Gray matter decline in the hippocampus in asymptomatic MAPT mutation carriers was found in a recent longitudinal voxelbased morphometry study during 2 years of follow-up [21] . Another study reported extensive gray matter volume loss mainly in temporal and frontal lobes in a converter group combining 5 MAPT mutation and 3 GRN mutation carriers but found no longitudinal gray matter volume loss in asymptomatic MAPT and GRN mutation carriers who did not convert compared with noncarriers [22] . In the present study, we found lower baseline temporal lobe cortical volumes in converters, who later became symptomatic during follow-up compared to noncarriers. On the contrary, in the asymptomatic MAPT mutation carriers who remained asymptomatic, the temporal lobe cortical volumes were not different form noncarriers at baseline on cross-sectional analysis. The discordance in the literature on temporal lobe atrophy in asymptomatic MAPT mutation carriers may be due to the differences in the proximity to the age of symptom onset in cross-sectional studies of different asymptomatic MAPT mutation carrier cohorts or the sensitivity of the image analysis algorithm to relatively small amount of change in gray matter volume.
Early and accelerated rates of atrophy in the temporal lobe is a consistent finding in symptomatic carriers of MAPT mutations [13, 16] , suggesting that brain structural changes continue to occur in the same set of regions that are affected early in the disease. In keeping with that, the greatest atrophy rates were observed in the temporal lobe cortex in asymptomatic MAPT mutation carriers compared to noncarriers, which accelerated in those who became symptomatic. Given the increasing number of studies demonstrating early temporal atrophy in MAPT mutation carriers [13] [14] [15] [16] , our findings confirm and extend those reports and demonstrate early involvement of temporal lobe cortical atrophy in a longitudinal study design.
In the present study, the finding that frontal lobes especially the orbitofrontal lobe cortex present starting from the asymptomatic stage only in converters compared to noncarriers and became more atrophic as the disease progressed is consistent with atrophy patterns reported in previous voxel-based morphometry studies of familial FTD [5] . The progressive involvement of the frontal lobes followed the involvement of the temporal lobes, and the motor cortices, including the primary and supplementary motor cortices, were also affected in the asymptomatic MAPT mutation carriers on voxel-based analysis. However, (8) 142 (18) 106 (11) .001* Temporal 117 (7) 126 (12) 85 (7) ,.001* Parietal 70 (7) 71 (5) 53 (2) ,.001* Occipital 64 (8) 65 (6) 53 (2) .09
NOTE. Data shown are n (%) or mean (SD). P values are from linear mixed models adjusting for age at MRI, also accounting for within-family correlations, followed by Tukey contrasts for pairwise comparisons.
Abbreviations greater rates of atrophy in the primary and supplementary motor cortices in MAPT mutation carriers compared to noncarriers were no longer statistically significant after removing the converters with MAPT N279K mutations who became symptomatic during follow-up from the voxel-based analysis. Patients with MAPT N279K mutations have prominent motor symptoms early in the disease process [23, 30, 31] , and therefore, involvement of the primary and supplementary motor cortices may be expected in this group, influencing the results of the voxelbased analysis [32] [33] [34] [35] [36] . In symptomatic MAPT mutation carriers, the frontal lobes were reported to have the fastest rates of atrophy, followed by the temporal and parietal lobes [37] . Taken together with our findings, the temporal progression of lobar atrophy may follow a sequential pattern in MAPT mutation carriers. Temporal lobe cortical atrophy occurs in the earliest stages during the asymptomatic stage. After the patients become symptomatic, the rates of atrophy may slow down in the temporal lobes but accelerates in the frontal lobes during the later stages of disease progression. Our data showed that parietal lobe cortical atrophy, especially in the precuneus, was present starting from the asymptomatic stage only in converters compared to noncarriers, but with relatively slower rates of atrophy than the temporal and frontal lobes. However, the rates of cortical atrophy in the parietal lobe were not different from asymptomatic MAPT mutation carriers compared to noncarriers. Thus, the parietal lobe cortical atrophy occurred later than temporal lobe involvement, but also years before symptom onset when asymptomatic MAPT mutation carriers approaching closely to the symptom onset age, and progressed slower than temporal and frontal lobe cortical atrophy. This pattern of parietal cortical lobe atrophy is consistent with findings reported in symptomatic MAPT mutation carriers [15] . The early involvement of parietal lobe was also found in an 1 H MR spectroscopy study that demonstrated early metabolite abnormalities in the posterior cingulate and precuneus cortex in asymptomatic MAPT mutation carriers [6] . Similarly, mild glucose hypometabolism in the parietal lobes on PET was found in N279K MAPT mutation carriers from the same PPND family, along with ballooned neurons and abundant tau inclusions in the parietal cortex at autopsy [33] . The early involvement of the parietal lobe cortex, particularly the paralimbic regions such as the precuneus, but a relatively slow progression of atrophy in this region may be associated with the gradual involvement of limbic pathways that connect the anteromedial temporal lobe to the medial parietal cortex in patients with MAPT mutations who are approaching the symptomatic stage [38, 39] .
One strength of our study was the large number of serial MRIs collected over 10 years and tracking of the disease progression from asymptomatic to symptomatic stage; however, the relatively small number of participants in each group was still a limitation. Although one of our previous cross-sectional studies had shown similar patterns atrophy across different submutation types in MAPT mutation carriers [16] , there may be variability in the rates of atrophy within the asymptomatic MAPT mutation carriers across different specific mutations. Subtypes of MAPT mutation have been shown to cause different types of tauopathies. These are mutations inside exon 10 (i.e., N279K, P301L, and S305N) that tend Fig. 2 . Voxel-based analysis showed greater annualized rates of cortical atrophy in all MAPT mutation carriers compared to noncarriers. The results are shown at P , .05 after using the false discovery rate correction for multiple comparisons. Abbreviation: MAPT, microtubule-associated protein tau.
to form four tandem microtubule-binding domain repeat (4R-tau) pathology relative to 3 repeat (3R tau) pathology [40] , and mutations outside exon 10 (i.e., V337M and R406W) that tend to form mixed 3 R/4R tau pathology. The 4 converters in the present study all had N279K MAPT mutations, and their trajectories of lobar atrophy, such as the supplemental motor cortex involvement, may be specific to the suspected 4R-tau-associated neurodegeneration in N279K kindreds. Further studies are needed to characterize the trajectories of rates of brain atrophy across the different MAPT mutations.
In summary, our data indicate a sequential pattern of regional cortical atrophy rates involving the temporal lobe cortex early on, followed by the frontal and parietal lobe cortices in MAPT mutation carriers as they transition from asymptomatic stage to symptomatic stage. Our findings support the clinical utility of using longitudinal regional volumes for monitoring the neurodegenerative disease progression in MAPT mutation carriers starting from the asymptomatic stage. Lobar cortical atrophy rates may also have a utility in clinical trials involving agents that potentially modify neurodegenerative disease pathology in asymptomatic MAPT mutation carriers.
